Background. Recent studies have compared CTA to stress testing and MPI using older Na-I SPECT cameras and traditional rest-stress protocols, but are limited by often using optimized CTA protocols but suboptimal MPI methodology. We compared CTA to stress testing with modern SPECT MPI using high-efficiency CZT cameras and stress-first protocols in an ED population.
INTRODUCTION
Chest pain is the second most common symptom leading to emergency department (ED) visits with over 8 million visits annually that may represent an acute coronary syndrome (ACS), and there is a tremendous cost associated with the evaluation of these patients. 1 As overcrowded emergency departments continue to see millions of patients each year with chest pain, chest pain units (CPU) have been established to efficiently and accurately identify patients with cardiac ischemia and rapidly exclude those without it. 2 Noninvasive cardiac diagnostic testing has become a cornerstone of the evaluation and triage of these ED CPU patients.
Multidetector row computed tomography angiography (CTA), while a newer technology, has proven to be a clinically robust and efficient modality for the noninvasive diagnosis of coronary artery disease. 3, 4 Rapid improvement in CT scanner technology has occurred in the past few years which has resulted in improvement in image quality, reduction in imaging artifacts, increased percentage of diagnostic scans, and decreased radiation exposure. 5 The diagnostic accuracy and overall prognostic power of SPECT myocardial perfusion imaging (MPI) are its major strengths. 6 There have been a number of recent improvements to traditional stress SPECT protocols including stress-only imaging that can decrease the length of the test and lower the radiation dose with a documented benign prognosis similar to that of a normal rest-stress study. [7] [8] [9] [10] Additionally, new high-efficiency SPECT camera technology has also modernized MPI by allowing for shorter image acquisition and lower injected activity. [11] [12] [13] Several recent randomized studies and two metaanalyses have been published examining the diagnostic utility of CTA in evaluating patients in the ED with possible ACS. [14] [15] [16] [17] [18] [19] Recent CTA studies have suggested efficient triage of patients, safe expedited discharge from the ED, cost effectiveness, and lower radiation dose when compared to standard diagnostic evaluation including MPI. However, this comparison has been to older conventional Na-I SPECT cameras using traditional rest-stress protocols.
We sought to compare CTA to modern SPECT MPI using high-efficiency CZT (cadmium-zinc-telluride) cameras and newer stress-first protocols in a real-world ED CPU population. The very fact of being in a trial may result in preferentially faster test performance, more attention to radiation doses, and more efficient discharges, so that previous studies might not represent the real-world experience. Both diagnostic modalities are available in our institution's ED for use at the ED attending's discretion in the evaluation of patients presenting to the ED with acute chest pain. We evaluated all consecutive patients in the ED CPU over a recent 2-year period of time using modern approaches to CTA and SPECT MPI.
MATERIALS AND METHODS

Study Design
In a retrospective, non-randomized study, all patients who underwent CTA, ETT, or stress Tc-99m sestamibi SPECT MPI as part of their ED CPU assessment in 2010-2011 driven by ED attending preference and equipment availability were evaluated for their radiation dose and subsequent diagnostic testing. This study protocol was approved by our institutional IRB. ED patients were triaged through the ED Chest Pain Unit, an observational unit for patients presenting with possible ACS or unstable angina, based on their presenting complaints suggestive of cardiac ischemia. CTA was performed using a 64-slice scanner (GE Lightspeed VCT) and MPI was performed using either a CZT SPECT camera (GE Discovery 530c) or a conventional SPECT camera (Vertex Plus, Philips/ ADAC Laboratories). The triage to stress testing or CTA was at the discretion of the attending ED physician and included such factors as patient characteristics, time of day, and equipment availability. Stress echocardiography at our institution is not routinely available for ED patients.
Study Setting
The Mount Sinai Medical Center Emergency Department is an urban ED which handles over 80,000 patient visits annually. Patients were referred for a SPECT MPI or ETT from the CPU after serial negative cardiac biomarkers (at least two sets 4-6 hours apart) and the absence of new ECG changes. Low-risk patients who were able to exercise adequately were triaged to ETT alone as opposed to MPI. Stress testing was available during daytime hours Monday through Saturday. Patients were referred to CTA after one set of negative cardiac biomarkers. CTA was available during daytime hours Monday through Friday. Patients with diagnostic ECG changes such as ST-segment elevation or ST-segment depression were excluded along with those with elevated cardiac biomarkers. Patients who had an abnormal result of noninvasive testing in the CPU routinely had a consultation by a cardiologist to decide on further clinical management.
Endpoints and Data Collection
The results of the initial diagnostic testing, CTA or SPECT MPI, were recorded. Both studies were considered as either normal, abnormal, or non-diagnostic. For CTA, abnormal studies were categorized as obstructive or non-obstructive based on the conclusion on the study report.
Follow-up cardiac testing at our institution including exercise stress testing, stress MPI, stress echocardiography, cardiac CTA, and invasive coronary angiography was recorded at 3 months after their index ED study. These results were obtained from the Cardiology Report database. The results of subsequent coronary angiography were categorized as normal, non-obstructive (epicardial coronary stenosis of \70%), or obstructive (epicardial coronary stenosis C70%). Coronary revascularization (PCI or CABG) by the end of follow-up was noted. Sensitivity, specificity, positive predictive value, and negative predictive value for the detection of obstructive coronary artery disease (CAD) were calculated for CTA and MPI using the results of subsequent invasive coronary angiography as the gold standard. The occurrence of return visits to the ED within 90 days of the index visit was noted from ED medical records. Return visits to the ED were classified as either cardiac or non-cardiac based on review of the medical records. A cardiac visit was defined as one for a possible CAD etiology including chest pain, unstable angina, acute coronary syndrome, or exclusion of any of these conditions.
During the final seven months of the study period (June 2011 through December 2011), electronic medical records were available in the ED (EPIC, Verona, Wisconsin). This allowed for the prospective recording in a subset of patients of the time of arrival to the ED, time of disposition from the ED, and disposition from the ED (admission to the hospital, discharge home, or assignment of observation status). Time of disposition from the ED was defined as the time at which the patient was admitted to the hospital, discharged home, or left the ED against medical advice. The time to disposition was defined as the amount of time between the time of arrival in the ED and the time of disposition.
Demographic and stress test variables were prospectively collected for all ETT and SPECT MPI patients at the time of stress testing in the Nuclear Cardiology Database. The demographic variable recorded included age, gender, height, weight, BMI, and patient location. Clinical variables included presenting symptoms of chest pain or shortness of breath; cardiac risk factors of diabetes, hypertension, hyperlipidemia, smoking (past or present), and family history of premature CAD; and known CAD by diagnostic testing or patient history, history of percutaneous coronary intervention (PCI), and history of coronary artery bypass grafting (CABG) surgery. Identical information was obtained on CTA patients retrospectively from ED medical record review and CTA reports.
Pre-test risk of cardiovascular outcomes was calculated using the ACC/AHA pre-test probability score. 20 The ACC/ AHA risk score incorporates age, gender, and presenting symptoms.
Effective dose from CTA was estimated from scannerreported dose-length product using two recently derived cardiac, scanner-specific conversion factors. 21, 22 The lower Huda et al 22 conversion factor of 0.026 was chosen to be used for all CTA calculations. The effective dose for MPI was determined from administered activity using separate conversion factors for stress and rest imaging provided in the International Commission on Radiological Protection (ICRP) Publication 80. 23 
Statistics
Characteristics of the study population were compared based on the diagnostic testing they received. A two-tailed student t test was used to compare continuous variables and a chi-squared test or Fisher's exact test (used with small sample sizes) was used to compare categorical variables (InStat 3, Graph Pad). Sensitivity, specificity, positive predictive value, and negative predictive value were calculated in the usual fashion. Effective dose analyses were performed using STA-TA/SE 11.2 (StataCorp, College Station, TX).
Due to the differences in baseline characteristics between the CTA and stress testing groups, we compared outcomes using a propensity-matched analysis. A propensity score was generated in each study subject using a logistic regression model with CTA allocation as the dependent outcome. Candidate covariates included age, gender, BMI, history of CAD, diabetes, chest pain, shortness of breath, smoking, and ACC/AHA risk score using STATA 12.1, (StataCorp, College Station, TX). The matched cohort was generated using a 1:1 matching algorithm with each CTA subject matched to one stress test subject.
CTA Protocols
A standard imaging protocol as endorsed by SCCT was used for all patients. 24 CTA was performed using a 64-slice scanner (LightSpeed VCT, XT; GE Healthcare, Milwaukee, Wisconsin) with either retrospective or prospective electrocardiographic gating. Retrospective gating was commonly used when the heart rate was faster (typically [65-70 beatsÁminute ) and/or an irregular rhythm was present. All patients received sublingual nitroglycerin (0.4 mg) and beta blockers (intravenous metoprolol 5-30 mg) if their heart rates were [60 beatsÁminute -1 , unless contraindications were present. After standard scouts in the supine position, a noncontrast scan was performed to assess coronary artery calcification. This consisted of a single inspiratory breath-hold craniocaudal acquisition covering from the carina to the inferior heart border. Prospectively triggered imaging was used, with a tube voltage and current of 120 kVp and typical 200 mA, respectively. Subsequently, contrast-enhanced angiography was performed after timing the arrival of contrast agent (Isovue 370; Schering AG, Berlin, Germany) with a threshold of 100 Hounsfield units in a region of interest in the ascending aorta (bolus-tracking technique). A 70-to 100-mL contrast bolus followed by 50 mL of saline was injected through a peripheral vein at 4-5 mLÁs . For scanning, a detector collimation of 64 9 0.625 mm was used, with a gantry rotation time of 350 ms, pitch of 0.16, tube voltage of 100-120 kVp, and typical tube current of 400-700 mA. Tube current modulation was used if applicable in the retrospective protocols. When possible, mA and/or kV were adjusted based on patient weight or body habitus. A typical padding setting of 200 ms was employed in prospectively gated studies.
Axial images were reconstructed with an image matrix of 512 9 512 pixels and slice thickness of 0.625 mm. For retrospectively gated acquisitions, a half-scan algorithm with a temporal resolution of *175 ms was performed, whereas a multisegment algorithm was used for heart rates [70 beatsÁminute -1 . Images were preferentially reconstructed in the mid-diastolic phase (65%-85% of the cardiac cycle) for motion-free images of the coronary arteries. The results of CCTA were interpreted on a dedicated workstation (Aquarius; TeraRecon, Foster City, CA) by 2 experienced readers. Visual coronary assessment was performed on original axial sources images, thin-slice maximum-intensity projections, or multiplanar reformatted reconstructions. Significant or obstructive CAD was defined as C50% luminal diameter narrowing and considered moderate or severe when causing 50%-70% or [70% stenosis, respectively. 25, 26 Plaques causing \50% stenosis were considered non-significant disease. Non-diagnostic results of CCTA were considered when any coronary segment was not evaluable because of motion artifacts, calcification, or low contrast-to-noise ratio.
SPECT Imaging and Stress Protocols
A standard imaging protocol as endorsed by ASNC was used for all patients.
27,28 A rest-stress or stress-first imaging sequence was employed using Tc-99m sestamibi. If stress-first images demonstrated normal perfusion and normal left ventricular function (LVEF C 50%), rest imaging was not performed. If stress imaging was abnormal, then a clinical decision was made to manage the patient medically, perform subsequent rest imaging, or refer the patient for cardiac catheterization. Low-risk patients with an interpretable rest ECG who were felt to have good exercise capacity underwent ETT alone without MPI, and those patients who did not attain C80% of their maximal predicted heart rate were converted to pharmacologic stress with MPI. While the high-efficiency CZT camera was the preferred camera, the decision to use the CZT SPECT camera or the conventional SPECT camera was determined by the patient's body habitus, with patients [250 pounds preferentially being imaged on the conventional SPECT camera, and by the patient's mobility, with patients who could not easily undergo prone imaging preferentially being imaged on the conventional SPECT camera.
Standard exercise and pharmacologic protocols as endorsed by ASNC were employed. 29 Exercise testing was performed according to the Bruce or modified Bruce protocol, with heart rate, blood pressure, and 12-lead electrocardiogram recorded before, during, and after exercise. Exercise was terminated for limiting cardiac symptoms or for [2 mm horizontal or downsloping ST-segment depression measured 80 ms after the J-point over at least 3 consecutive beats. All pharmacologic stressors except regadenoson were given using weight-based protocols with an upper dose limit of 300 lbs (136 kg), with patients exceeding the upper limit receiving a dose based on a weight of 300 lbs (136 kg). Adenosine was administered as a 6-minute infusion at 140 mcgÁkg Ámin-ute -1 , increasing incrementally every 3 minutes to 40 mcgÁkg
Áminute -1 to achieve a target heart rate of [85% of predicted maximal.
Gated SPECT imaging was performed using one of two SPECT cameras: a CZT camera (Discovery NM 530c, GE Healthcare, Haifa, Israel), with a multi-pinhole collimator with 19 stationary CZT detectors simultaneously imaging 19 cardiac views without detector or collimator motion, and penalized maximum likelihood iterative reconstruction, or a conventional dual-head camera (Vertex Plus, Philips/ADAC Laboratories), stop and shoot acquisition with 64 stops, a 180°a rc from right anterior oblique to left anterior oblique, a 64 9 64 9 16 matrix, iterative reconstruction, and a VXGP collimator. Image acquisition began 30-60 minutes after tracer injection for Tc-99m. Post-stress images were gated at rest. Left ventricular ejection fraction (EF) was determined using commercial software (QGS, Cedars-Sinai, Los Angeles, CA). Isotope dose was weight based and dependent on the protocol performed. For a standard one-day Tc-99m rest-stress protocol, the rest dose was 8-12 mCi based on four weight groups (\150, 151-200, 201-250, and [250 lbs) and the stress dose was 24-36 mCi based on the same weight ranges. The stress-only protocol employed a low dose Tc-99m stress dose of 12.5-15 mCi if the weight was \150 lbs and a high dose Tc99m stress dose of 25-38 mCi which was weight adjusted based on three weight groups (151-200, 201-250, and [250 lbs).
Attenuation reduction or correction, using either prone in addition to supine stress imaging with the CZT SPECT camera or a Gd-153 line source (Vantage Pro, Philips/ADAC) with the conventional SPECT camera, was performed routinely in all studies.
RESULTS
Demographics
Over the 2-year period, 192 patients underwent CTA and 1,266 patients underwent stress testing including 939 Tc-99m sestamibi SPECT MPI and 327 ETT (Figure 1) . Of the MPI studies, 86 (9.2%) were performed using a conventional SPECT camera instead of the high-efficiency CZT SPECT camera due to either patient's obesity or poor mobility.
The CTA patients were a lower-risk cohort based on age, gender, cardiac risk factors, and known atherosclerotic heart disease ( Table 1 ). In the MPI group, 708 (75.4%) underwent stress-only imaging, 184 (19.6%) rest-stress, and 47 (5.0%) stress-rest. There were 530 (56.4%) exercise stress studies and 409 (43.6%) pharmacologic stress tests with 99% being vasodilator stress. The ETT group was lower risk than both of the SPECT MPI groups based on age, fewer cardiac risk factors, known CAD, and ACC/AHA risk score (Table 2) . Compared to the conventional SPECT cohort, the CZT SPECT group had a lower BMI, fewer cardiac risk factors, but more known CAD, and was skewed toward higher ACC/AHA risk scores.
The results of the initial diagnostic test in the ED CPU are found in Table 3 . As CTA is an anatomic study and MPI a physiologic test, direct comparison of the results cannot be made. However, if normal stress tests consist of patients with both no CAD and non-obstructive disease, the proportion of 87.2% ''normal'' stress tests is similar to 86.5% normal and non-obstructive disease found in the CTA group. Patients in the MPI group with abnormal perfusion had an average stress total perfusion deficit of 15.0% ± 9.8% which became 11.2% ± 10.2% after applying attenuation correction. There was a non-significant trend toward more non-diagnostic CTA studies than stress tests (1.6% vs 0.3%, P = .08). In the 327 patients who underwent ETT, patients exercised on average for 10.1 ± 2.7 METs, to 89.5% ± 10.3% of their maximal predicted heart rate, and 4 (1.2%) had an abnormal ECG response. In the 939 MPI patients, 157 (16.7%) had abnormal perfusion results.
Follow-Up Testing, ED Return Visits, and Time to Disposition
Follow-up cardiac diagnostic testing by 3 months after the index ED visit showed more follow-up testing overall in the CTA group compared to the stress testing group (P = .001) ( Table 3) . While there was no significant difference in the proportion of subsequent angiograms between the CTA and stress testing groups, there were more follow-up stress tests in the CTA group (P \ .0001). Of the 26 abnormal (obstructive) or nondiagnostic CTA studies, 50.0% had follow-up diagnostic testing within 3 months, compared to the 161 abnormal or non-diagnostic stress tests, where 37.9% had followup diagnostic testing within 3 months (P = .34).
A total of 22 and 115 coronary angiograms were performed in the CTA and stress testing groups, respectively, by the end of study follow-up (18.0 ± 6.6 months in the CTA group and 18.1 ± 7.5 months in the stress testing group) ( Table 4) . These anatomic studies included invasive angiograms for the CTA group and invasive angiograms (n = 102) and CT angiograms (n = 13) for the MPI group. There was no statistical difference in the number of normal invasive angiograms between the groups (22.7% vs 20.9%, P = .85). There was a trend toward more obstructive and less nonobstructive coronary disease in the CTA cohort compared to the stress testing group, but this did not reach statistical significance (P = .26 and .18). This resulted in a better sensitivity (80.0% vs 56.5%) and negative predictive value (75.0% vs 41.2%) for CTA and a better specificity (61.8% vs 54.6%) and positive predictive value (75.0% vs 61.5%) for MPI in this selected, relatively small cohort of patients who had subsequent angiography. There was a greater proportion of coronary revascularizations performed in the CTA group compared to the MPI group which did not attain statistical significance (6.8% vs 3.6%, P = .06). All but one of the revascularizations was percutaneous.
In looking at return visits to the ED within 3 months of the index ED visit, 55 patients (4.3%) in the stress testing group returned for cardiac visits, while 11 patients (5.7%) in the CTA cohort returned (P = .50). There were 206 non-cardiac visits (16.3%) in the stress testing patients and 21 (10.9%) in the CTA group (P = .07).
There were 40 CTA patients and 309 stress testing patients in the subgroup of patients who presented during the 7-month period when an electronic medical record was available in the ED (Figure 2 ; Table 5 ). There was no statistically significant difference in the proportion of ED discharges in the stress testing group compared to the CTA group (81.2% vs 72.5%, P = .28). The CTA group spent a significantly shorter period of time in the ED until a disposition was made (11.0 ± 5.2 vs 20.5 ± 7.0 hours, P \ .0001).
Radiation Exposure
The CZT SPECT group had a mean stress-only activity of 17.0 ± 6.6 mCi and a total rest-stress activity of 32.2 ± 7.6 mCi. The conventional SPECT group had a substantially higher weight at 258.9 ± 56.7 lbs and BMI at 41.9 ± 7.8 kgÁm -2 than both the CTA and CZT SPECT groups which resulted in an average total reststress activity of 44.5 ± 3.7 mCi and stress-only activity of 31.2 ± 5.9 mCi.
The radiation exposure to patients can be seen in Table 6 . Using two scanner-specific cardiac conversion factors found in the literature for calculating effective dose from the dose-length product, the mean effective dose for the CTA was 12.6 ± 8.6 and 13.5 ± 9.2 mSv. 21, 22 The lower Huda et al 22 conversion factor of 0.026 was subsequently used for all CTA calculations. The lowest effective dose was 1.8 mSv and the highest was 43.0 mSv with a median of 9.4 mSv (IQR 7.1-15.0 mSv). In comparison, the mean effective dose for the entire stress test group was 5.0 ± 4.1 mSv (P \ .0001), 6.7 ± 3.4 mSv for the entire SEPCT MPI cohort (P \ .0001), and 6.4 ± 3.3 mSv for the CZT SPECT group (P \ .0001). The lowest effective dose in the overall stress testing group was 3.5 mSv and the highest was 16.4 mSv with a median of 3.9 mSv (IQR 0-7.9 mSv). Comparing CTA patients with BMI \ 30 kgÁm -2 to those with a BMI C 30 kgÁm , there was no significant difference in effective dose (12.5 ± 8.8 vs 14.4 ± 10.1, P = .25). Female patients received non-significantly more radiation than male patients (13.0 ± 9.5 vs 12.2 ± 7.5 mSv, P = .09). A total of 143 (74.5%) were prospectively gated, while 49 (25.5%) were retrospectively gated. Those patients undergoing prospective gating had a lower effective dose than those with retrospective gating (9.9 ± 6.6 vs 22.5 ± 7.9 mSv, P \ .0001). Filtered back projection was used for CTA processing in 2010 and upgraded to iterative reconstruction in 2011, resulting in a decrease in mean effective dose from 14.8 ± 9.9 to 10.6 ± 6.6 mSv (P = .0009). The lowest effective dose protocol for CTA was a combination of prospective gating and iterative reconstruction with an average exposure of 8.4 ± 4.3 mSv. In the SPECT MPI group, comparing patients with BMI \ 30 kgÁm -2 to those with a BMI C 30 kgÁm -2 , the non-obese patients had a significantly smaller effective dose than their obese counterparts (5.5 ± 3.2 vs 8.4 ± 2.8 mSv, P \ .0001). Male patients received slightly more radiation than female patients (7.2 ± 3.7 vs 6.4 ± 3.1 mSv, P = .001). Using a stress-only protocol with the CZT camera resulted in the lowest effective dose in the stress testing group (not considering the ETT group which received no radiation) with an average exposure of 5.0 ± 1.9 mSv.
Propensity Score-Matched Cohort
Propensity score matching was employed to attempt to overcome the lack of randomization in this cohort. Hx, history; CAD, coronary artery disease; CHF, congestive heart failure. *Any history of smoking, past or present. Functional stress = stress echo, stress MPI, and exercise treadmill testing. This model yielded a c-statistic of 0.68 for discrimination of CTA vs stress testing. The matched cohort was generated using a 1:1 matching algorithm with each CTA subject matched to one stress test subject, although when analyzed, the 2:1 matched model yielded similar results. After generating the propensity score, 28 CTA subjects were unable to be matched to stress test subjects, yielding a final matched cohort of 164 patients in each group. Baseline characteristics were well balanced in the matched cohort with no significant differences between groups (Table 8 in Appendix). The comparison of the endpoints in the propensity-matched groups can be seen in Table 7 . This matching resulted in similar findings to the total cohort analysis. Once again, more functional stress tests and total follow-up studies within 3 months were seen in the CTA cohort than in the stress testing group. Radiation exposure remained higher in the CTA group than the stress testing group (13.0 ± 8.9 vs 4.2 ± 4.1 mSv, P \ .0001). The time to disposition was again significantly shorter in the CTA group. The increased proportion of revascularizations in the CTA group reached statistical significance where it had been borderline in the large cohort (7.3% vs 1.2%, P = .01). The other new finding was a statistically significant greater number of patients returning to the ED for cardiac visits in the CTA group compared to the stress testing group (6.1% vs 0.6%, P = .01).
DISCUSSION
This study was a non-randomized study of realworld use of CTA and stress testing in the ED CPU, which also employed propensity matching, whose findings are complimentary to the recent randomized trial results. 30 We found that both strategies performed well in their selected patient groups with low rates of subsequent testing and follow-up visits, and as such, choices for diagnostic testing should be individualized and no one test is appropriate for all patients as espoused by both professional societies. [31] [32] [33] An equivalent number of normals (normal and non-obstructive disease) and obstructive disease were found in both groups. There were similar numbers of follow-up anatomic studies in both groups, but statistically significantly more followup functional studies and overall follow-up studies in the CTA group than the MPI group. CTA maintained its significant advantage in time to disposition and had a trend toward more revascularization procedures which neared statistical significance. Patient radiation exposure was found to be lower in the entire stress testing cohort and in the CZT MPI group than in the CTA group. The propensity score-matched cohort found similar results to those seen in the larger group.
The three recent randomized studies of CTA in the ED, CT-STAT, ACRIN PA 4005, and ROMICAT-II, all found that CTA was a safe and efficient diagnostic modality for the ED triage of chest pain. 14, 16, 17 The current study confirmed the significant time savings of CTA in efficiently triaging patients. In the ACRIN PA 4005 and ROMICAT-II studies, direct discharge from the ED was more common in the CTA group although the use of observation units clouds the picture to some extent as ''admission to the hospital'' in ROMICAT-II was reduced only modestly with 25.4% vs 31.7%. In our Table 6 . 9.1 ± 1.7
Rest-stress 9.9 ± 2.4
9.7 ± 2.3
13.5 ± 1.1
Stress-rest 14.1 ± 1.9
14.1 ± 1.9
13.6
Effective Dose in mSv.
IQR, interquartile range (25%-75%).
*Huda et al 22 .
Journal of Nuclear CardiologyÒ Duvall et alstudy, the modest reduction in admissions favored the stress testing group (16.8% vs 25.0%), but was not statistically significant. Similar to ROMICAT-II, we found greater use of downstream testing in the CTA group, with similar amounts of follow-up angiograms, but increased number of functional studies. All trials reported a higher rate of coronary revascularization with CTA which met statistical significance in the propensity matched cohort, and like previous reports where 30-day cardiac return visits to the ED were similar, we found no significant difference in the proportion of return visits to the ED in the entire cohort. In the ROMICAT-II study conducted in 2010 and 2011, the mean radiation exposure per CTA patient was 13.9 ± 10.4 mSv which was similar to this study cohort, although a different conversion factor was employed. The 4.7 ± 8.4 mSv in the standard evaluation group was also similar to our stress testing group as it included stress echocardiography and ETT as well as MPI. Despite there being more cardiac risk factors and more cardiac disease in the stress testing group, the incidence of obstructive CAD on subsequent invasive angiogram was not statistically different, suggesting that CTA has better sensitivity for the detection of obstructive disease as well as having the ability to detect preclinical disease. The early identification of non-obstructive plaque may allow for disease progression modification with the intensification of preventative therapy. More CTA studies were followed by functional studies (5.2% vs 0.5%, P \ .0001) as perhaps physicians have greater comfort treating a low-to intermediate-risk abnormal MPI medically, whereas abnormal CTAs with intermediate grade stenosis must be confirmed by another study to prove that they did not underestimate the severity of stenosis. This phenomenon was perhaps also seen by the finding that an abnormal CTA was followed by another study 50% of the time compared to 38% for abnormal stress tests. The frequency of followup coronary angiographies was similar in both groups (8.3% vs 6.2%) and was appropriately driven by detection of disease by either technique. The increase in the number of revascularizations in the CTA group (59% vs 40%) was likely related to finding more obstructive CAD (63.6% vs 47.8%) on the follow-up invasive angiograms. Using a combination of ETT and high efficiency SPECT imaging in most patients needing MPI, and employing a stress-first protocol in the majority of the ED CPU patients (80%), radiation exposure was lower for the stress testing group when compared to the CTA cohort (5.0 vs 12.6-13.5 mSv, P \ .0001). The newer MPI paradigm of CZT SPECT and stress-only protocols exposed the patients to less radiation even when prospective gating was used for CTA (5.0 vs 9.9-10.7 mSv, P \ .0001) in patients with similar BMIs (28.5 vs 28.9 kgÁm -2 ). Two recently derived cardiac, scannerspecific conversion factors were used to calculate effective dose for the CTA patients in this study, but if the older conversion factor of 0.014 was used, 34 the effective dose in the CTA cohort fell to 6.8 ± 4.6 mSv. The patients who underwent ETT of course received no radiation exposure and were assigned to this testing modality because they were the youngest, with the fewest cardiac risk factors and lowest pre-test risk. Stress echocardiography which was not used in this study would provide a similarly efficient testing modality without radiation exposure, but would be suitable for higher-risk patients given the greater sensitivity and specificity of the modality.
CTA maintains a significant advantage in the time to diagnosis over the stress testing group given the brevity of the test and the lack of the need to wait 4-6 hours for a second set of cardiac enzymes. There are several possible ways that stress testing could decrease its test time and become more comparable to the performance of CTA. With the introduction of high-sensitivity troponins, the current waiting time might be abolished with a ''rule out'' accomplished in 1 hour. 35, 36 Stress-only adenosine could be done after one set of cardiac biomarkers as adenosine has been shown to be safe even in acute MI. 37 As in this study, using a stress-only protocol instead of a rest-stress protocol and a CZT SPECT camera to decrease imaging time from 20-25 to 3-5 minutes, extraneous time can be eliminated. ETT is an even faster diagnostic test for the low-risk patient and a provisional isotope injection protocol might provide the time savings of ETT with the flexibility of imaging when needed. 38 More progress can and has been made at reducing patient radiation exposure with both CTA and SPECT MPI since 2011. CTA has made great strides in a short period of time through software, hardware, and protocol advances. 39 Prospective ECG-triggered scanning instead of retrospectively ECG-gated helical scanning, iterative image reconstruction software, dual-source scanners, reducing tube potential, tube current modulation, and decreasing scan length by reducing z-overscanning are all techniques which are employed with increasing frequency even in the short time since the end of this study period. 40 CTA can now be performed in selected patients with effective doses of 1-2 mSv. 41, 42 In this study, 152 (79%) of the CTA patients also had a calcium score performed which contributed to the overall radiation exposure (the mean effective dose was 1.8 mSv greater in patients who had a calcium score performed compared to patients who did not have one). Reductions in radiation exposure in the MPI field are being driven by innovations in stress protocols and new camera technology. 13, 43 High-efficiency SPECT cameras have been shown to reduce radiation exposure to 5.8 mSv for a full rest-stress study and to 1 mSv for a stress-only study. 44, 45 The use of time imaging software which incorporates iterative image reconstruction with resolution recovery thereby improving count statistics can decrease imaging time or decrease injected activity. 46 Stress protocol changes such as performing more ETTs, 47 developing a provisional isotope injection protocol, 38 and stress-first imaging 10 will all decrease radiation exposure to the patient by not giving it in the first place. Perhaps the greatest saving of radiation exposure and resources would be the elimination of any diagnostic testing for most of the very low-and low-risk patients (''less is more''). 48 
LIMITATIONS
The study is limited by its retrospective, non-randomized nature and the single-site, clinical experience. This assortment of patients, despite the greater proportion of patients studied by stress testing, does represent current clinical practice in an urban teaching hospital with a diverse population pool over a two-year period of time. Propensity score matching was used as an attempt to overcome the lack of randomization. Results of follow-up diagnostic testing and follow-up visits to the ED were only available if performed at our institution. Stress echocardiography is not routinely available at our institution for the ED CPU population and was not included, but is a viable option for stress testing in an ED population without radiation exposure and with higher accuracy than ETT alone. The selection of diagnostic imaging study, CTA vs stress testing, was made at the discretion of the ED attending physician and should reflect current ED practice. The decision to perform ETT without imaging was made at the discretion of the Nuclear Cardiology Attending based on a patient's pre-test risk of CAD. Subsequent endpoints such as major adverse cardiac events (non-fatal myocardial infarction, unstable angina, and cardiac mortality) were not identified and not used in this study. We did not evaluate the costs associated with each diagnostic strategy. Efforts to decrease radiation exposure are continuing with both modalities, and lower patient exposure is more possible now in 2013 than in 2010-2011. However, attention to radiation exposure has been emphasized at our institution as far back as 2007. 49, 50 Iterative reconstruction upgrades to the CT scanner were installed at the end of 2010 and resulted in a further decrease in radiation exposure. There is ongoing controversy on how to calculate effective dose from CTA so we used two of the recently published conversion factors derived specifically for cardiac studies to be as current as possible. 21, 22 The older, more commonly used conversion factor of 0.014 was originally from the 2004 European Guidelines for Multislice Computed Tomography Appendix C based on work by Shrimpton et al using single-slice scanners. 34 Effective dose from nuclear cardiology procedures was estimated using the most recent ICRP effective dose conversion factors for Tc99m sestamibi, which are based on tissue-weighting factors from ICRP Publication 80, while CTA conversion factors were based on tissue-weighting factors from ICRP Publication 103. The MPI conversion factors would change little if recalculated based on ICRP Publication 103 tissueweighting factors; specifically, they would result in estimates of effective dose *5% less than those we report.
NEW KNOWLEDGE GAINED
CPU triage strategies of stress testing, including high-efficiency SPECT MPI and ETT, and CTA compare favorably and perform well in this patient population. Modern SPECT technology and stress protocols have significant advantages over older techniques and have advantages and disadvantages compared to modern CTA.
CONCLUSIONS
Stress testing including ETT, high-efficiency SPECT MPI, and stress-only protocols had a significantly lower patient radiation dose, less follow-up diagnostic testing, and similar cardiac return visits to the ED than CTA. CTA had a shorter time to disposition than stress testing and a trend, although not quite statistically significant, toward more revascularization procedures.
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